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Virtual reality (VR) is a powerful tool for simulating aspects of the real world. The success of VR is thought to depend on its ability 
to evoke a sense of “being there”, that is, the feeling of “Presence”. In view of the rapid progress in the development of increasingly 
more sophisticated virtual environments (VE), the importance of understanding the neural underpinnings of presence is growing. To 
date however, the neural correlates of this phenomenon have received very scant attention. An fMRI-based study with 52 adults and 
25 children was therefore conducted using a highly immersive VE. The experience of presence in adult subjects was found to be 
modulated by two major strategies involving two homologous prefrontal brain structures. Whereas the right DLPFC controlled the 
sense of presence by down-regulating the activation in the egocentric dorsal visual processing stream, the left DLPFC up-regulated 
widespread areas of the medial prefrontal cortex known to be involved in self-refl ective and stimulus-independent thoughts. In contrast, 
there was no evidence of these two strategies in children. In fact, anatomical analyses showed that these two prefrontal areas have 
not yet reached full maturity in children. Taken together, this study presents the fi rst fi ndings that show activation of a highly specifi c 
neural network orchestrating the experience of presence in adult subjects, and that the absence of activity in this neural network might 
contribute to the generally increased susceptibility of children for the experience of presence in VEs.
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INTRODUCTION
Virtual reality (VR) is being used in recreation, entertainment, 
education, psychotherapy, and medicine as a tool for simulating 
aspects of the real world (Klinger et al., 2005, 2006; Parsons and 
Rizzo, 2008; Parsons et al., 2007; Slater et al., 2006). The success 
of VR is thought to be associated with the subjective sense of 
“being there” that VR can evoke (Steuer et al., 1995). This feel-
ing is widely referred to as presence (Sanchez-Vives and Slater, 
2005). Presence may be understood as the subjective experience 
of being transiently unaware of actions and cognitions linked 
to the real environment while concurrently perceiving one-
self as situated in and perceiving action possibilities associated 
with the virtual environment (VE) (Wirth et al., 2007). Or in 
other words, presence is defi ned as an egocentric spatial expe-
rience of VEs. Interestingly, there are differences in the extent 
to which individuals experience presence while for example 
playing a video game or watching a fi lm. Some individuals are 
easily drawn into the virtual environment while others do so 
more slowly or indeed fail to develop any sense of presence at 
all (Ijsselsteijn and Riva, 2003; Wirth et al., 2007). Furthermore, 
there is an ongoing discussion as to whether children and adults 
actually differ in the quality and speed with which presence is 
evoked by VEs (Schaik et al., 2004). In view of the rapid progress 
in the development of increasingly more sophisticated virtual 
environments, the importance of understanding the neural 
underpinnings of presence and the brain activity associated with 
inter-individual differences in the experience of presence (1) in 
adults, (2) in children and in particular (3) between adults and 
children is growing.
A structural candidate in the brain which might be involved 
in modulating the inter-individual differences in the experience 
of presence is the prefrontal cortex – an important area of the 
brain that houses most of the so-called executive functions that 
exert regulatory and in particular inhibitory control over emo-
tions and our behaviour (Aron et al., 2004; Garavan et al., 1999; 
Knoch et al., 2006a,b; Koechlin and Hyafi l, 2007; Koechlin 
et al., 2003; Ridderinkhof et al., 2004). Moreover, the brain 
undergoes signifi cant maturational changes during the course 
of development to adulthood, the prefrontal cortex (PFC) tak-
ing particularly long to reach full maturity (Sowell et al., 1999). 
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Recent longitudinal studies in children and adolescents have 
uncovered extensive  anatomical changes in the frontal cortex 
until early adulthood (Giedd, 2004; Giedd et al., 1999; Gogtay 
et al., 2004; for a review see Toga et al., 2006). Thus, it is con-
ceivable that children are more strongly “drawn” into the world 
presented in VR because they experience greater diffi culty in 
inhibiting the feeling of presence, and that differences between 
adults and children in the experience of presence in a VE are 
associated in some way with corresponding maturational and 
related functional differences in the PFC.
As presence is understood as an egocentric spatial experience 
of VEs, it is also very likely that parietal brain regions (includ-
ing in particular regions of the dorsal visual stream) play an 
essential role in this experience because these brain structures 
are involved in generating an egocentric view by translation of 
the retinal coordinates to head-centered, or even body-centered 
coordinates (Gron et al., 2000; Jordan et al., 2004). Moreover, 
these parietal regions are strongly anatomically connected with 
dorsal structures of the prefrontal cortex (Croxson et al., 2005) 
and thus, we speculate that inter-individual differences in acti-
vation of the parietal cortex and associated presence experience 
might be modulated by prefrontal brain structures.
In order to investigate the proposed impact of the prefrontal 
cortex on parietal regions and associated presence experience in 
the context of maturational differences, we conducted an fMRI-
based study on a large sample of healthy adults (n = 52; 26 female; 
mean age = 26.2, S.D. = 4.1) and children (n = 25; 11 female; 
mean age = 8.7, S.D. = 1.6) exposed to two different variants of 
a virtual roller coaster scenario (Figure 1A). One scenario con-
sisted of realistic roller coaster rides with spectacular ascending 
and descending sections and loops (referred to as High Presence 
condition), whereas in the other scenario the roller coaster cart 
followed the bending but horizontal path of the tracks (referred 
to as Low Presence condition). A recent study (Baumgartner et al., 
2006b) has shown that these two scenarios evoke different pres-
ence experiences (both in terms of quality and intensity) as meas-
ured with a standard presence rating questionnaire (Vorderer 
et al., 2004). We used the same presence questionnaire in the 
current study, with a large subject pool in order to obtain strong 
variability in presence scores. These scores were then used in dif-
ferent brain imaging analyses, as regressors in across- subjects 
correlational analyses and grouping variables in within-subjects 
effective connectivity analyses (see below), in order to reveal 
the nature and extent of inter-individual differences in cerebral 
Figure 1 | Experimental design and Presence rating. (A) Experimental paradigm. Different roller coaster scenarios were presented by means of MR- compatible 
goggles and earphones. Whereas in the High Presence condition the roller coaster ride consisted of spectacular ascending and descending sections and loops, 
in the Low Presence condition the roller coaster cart followed a winding but horizontal path. (B) Depicted is the mean ± S.E.M. in Presence rating on a 5-point 
scale, broken down for group (adults/children) and condition (High Presence/Low Presence). The scale measures the subjective impression of how much the 
subjects felt they were situated in the midst of the action of the roller coaster ride rather than merely observing it. Both adults and children clearly indicated an 
enhanced presence experience in the High compared to the Low Presence condition. (C) Similar distribution of presence ratings in adults and children, indicat-
ing that about 40% of subjects in each group reported a difference in presence rating of less than one between the High and Low Presence condition (referred 
to in the paper as low Presence rating group), whereas about 60% of subjects in each group reported a difference in the presence rating of higher than or equal 
to one (referred to as high Presence rating group).
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 networks  orchestrating the presence experience (1) in adults, (2) 
in  children, and in particular (3) between adults and children.
MATERIALS AND METHODS
SUBJECTS
Fifty-two (n = 52) healthy right-handed adults (26 female; mean 
age = 26.2, S.D. = 4.1, range: 21–43) and twenty-fi ve (n = 25) 
healthy right-handed children (11 female, mean age = 8.7, 
S.D. = 1.6, range: 6–11) participated in the fMRI experiment. 
Handedness was determined with a standard rating scale (Annett, 
1970). No adult subjects, but four children were excluded from 
the functional analysis due to excessive motion (>2 mm). After 
having eliminated these subjects from the analyses, the two age 
groups did not differ signifi cantly in in-plane motion. For the 
analyses of the anatomical data, we had to excluded four chil-
dren and three adults due to distorted anatomical images based 
on visual inspection. Moreover, due to technical reasons, we 
only obtained in 40 of the 52 adult subjects anatomical images. 
Subjects had no history of neurological or psychiatric disorder 
and each gave informed consent (parental consent and child 
assent for children) for a protocol approved by the institutional 
ethics committee of the University of Zurich. The study was car-
ried out in accordance with the Declaration of Helsinki prin-
ciples and subjects were informed of their right to discontinue 
participation at any time.
DESIGN: VIRTUAL ENVIRONMENT
The subjects were given the illusion of sitting in the front cart 
of a roller coaster while watching different scenarios. These 
environments were created with the software “NoLimits Roller 
Coaster Simulation” (www.nolimitscoaster.com), embedded in 
“Presentation” (Neurobehavioral System, Version 10.0) and pre-
sented by means of MR-compatible goggles (VisuaStim XGA; 
Resonance Technology, Northridge, California, 800 × 600 reso-
lution at 60 Hz; visual fi eld = 30° × 24°; maximum contrast 
ratio = 18:1) and headphones.
The experimental condition referred to as High Presence 
condition (Figure 1A, left) consisted of “realistic” roller coaster 
rides, divided into three different phases: anticipation, dynamic 
and end. In the anticipation phase, subjects viewed tracks lead-
ing upwards and heard a pulling sound (as if their cart was being 
mechanically pulled up) until reaching the peak of the anticipa-
tion phase where the dynamic phase began. In this dynamic phase, 
the roller coaster ride consisted of spectacular ups, downs and 
loops in all three dimensions of space and different acceleration 
und brake passages. The sound of the dynamic phase supported 
the visual input by different intensities of driving noise with spa-
tial cues. At the end of each ride the cart braked (with braking 
noise) to lower velocity on a straight track which is referred to as 
end phase. The names of the roller coasters used in the present 
study are as follows: Giant, Revolution, Silverstar, Viper. They 
can be inspected using the mentioned software “NoLimits Roller 
Coaster Simulation” (www.nolimitscoaster.com).
The control condition referred to as Low Presence condi-
tion (Figure 1A, right) consisted of horizontal straight tracks in 
the anticipation and end phase and sinuous-lined tracks with 
different velocity in the dynamic phase in an equivalent visual 
and acoustic (driving noise with spatial cues) environment. This 
control scenario was used in order to control for various basic 
perceptual processing steps similar for all roller coaster scenar-
ios, including form, color, motion, and basic spatial processing.
We have chosen these two experimental conditions because 
various behavioral studies have shown that the number of spa-
tial cues, both visual and auditory, are positively correlated 
with the Presence experience in the observers (Freeman et al., 
1999; Ijsselsteijn et al., 1998, 2001). In our paradigm, monoc-
ular visual and auditory spatial cues are increased in the High 
Presence compared to the Low Presence condition primarily in 
the dynamic phase of the roller coaster ride. Thus, we focused 
our analyses in this paper on the dynamic phase. Results of the 
anticipation phase will be reported elsewhere.
Each ride lasted 102 s in total, whereas the different phases 
where divided into the following time scheme: anticipation 
phase 30 s, dynamic phase 60 s and end phase 12 s. In total, eight 
different roller coaster rides were presented, four High Presence 
and four Low Presence roller coaster rides. The different rides 
were separated by a fi xation baseline which lasted 21 s. Thus, 
the paradigm had a length of 16 min and 24 s. In order to ensure 
that all roller coasters of the High Presence condition fi tted to the 
mentioned time scheme for the different phases of the ride, they 
had to be slightly adapted at the beginning and end of the ride.
POST-SCAN QUESTIONNAIRES
After scanning, subjects completed a post-scan questionnaire 
which asked them to indicate on a 5-point analogue Likert scale 
their subjective Presence experience during the High and Low 
Presence conditions. This questionnaire scale measures the sub-
jective impression how much they felt to be in the middle of the 
action of the roller coaster ride rather than merely observing 
it (Vorderer et al., 2004; Wirth et al., 2007). In order to assess 
subjective arousal and valence, we used the Self Assessment 
Manikin (SAM) (Lang, 1985). SAM depicts each dimension 
with a graphic character arrayed along a continuous 5-point 
scale. For pleasure, SAM ranges from a smiling, happy fi gure to 
a frowning, unhappy fi gure; for arousal SAM ranges from sleepy 
with eyes closed to excited with eyes open. The questions were 
carefully explained to the adults, but in particular to the children 
in order to ensure that they were able to understand and answer 
the questions properly.
fMRI IMAGE ACQUISITION AND ANALYSES
Image acquisition and preprocessing
Functional MRI acquisition was performed on a 3T whole-
body scanner (GE Medical, Milwaukee, WI, USA), using 
gradient-recalled echo planar imaging (repetition time, 
TR = 3 s; echo time, TE = 32 ms, fl ip angle = 90°, fi eld of view 
(FOV) = 240 mm × 240 mm; matrix size = 64 × 64; voxel size = 
3.91 mm × 3.91 mm, 30 contiguous slices parallel to the AC–PC 
line, slice thickness = 3.9 mm). For the preprocessing and sta-
tistical analyses, the statistical parametric mapping software 
package (SPM5, Wellcome Department of Cognitive Neurology, 
London, UK) implemented in Matlab (Version 7) were used. For 
functional analysis, all images were realigned to the fi rst volume, 
corrected for motion artefacts and normalized (3 × 3 × 3 mm3) 
into standard stereotaxic space (template provided by the 
Montreal Neurological Institute). We used the same template 
for adults and children because previous methodological work 
has shown that the stereotactic normalization and time course 
of the hemodynamic response across the ages tested in the cur-
rent study are not dissimilar (Burgund et al., 2002; Kang et al., 
2003). After normalization, data were smoothed using an 8-mm 
full-width-at-half-maximum Gaussian kernel. A band-pass fi l-
ter, which was composed of a discrete cosine-basis function with 
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a cut-off period of 196 s for the high-pass fi lter was applied. In 
order to increase signal to noise ratio, global intensity changes 
were minimized by scaling each image to the grand mean.
Random-effects analyses
We performed random-effects analyses on the functional data 
for the dynamic phase of the roller coaster ride. For that purpose, 
we defi ned a general linear model (GLM) that included the fol-
lowing six regressors: High Presence anticipation, High Presence 
dynamic and High Presence end as well as Low Presence antici-
pation, Low Presence dynamic and Low Presence end. All regres-
sors were convolved with a canonical haemodynamic response 
function (HRF) and the durations of the regressors were mod-
eled according to the duration of the different phases of the roller 
coaster ride: anticipation phase = 30 s, dynamic phase = 60 s and 
end phase = 12 s. The six scan-to-scan motion parameters pro-
duced during realignment were included as additional regres-
sors in the SPM analysis to account for residual effects of scan to 
scan motion. The correction for multiple comparison in whole-
brain analyses was carried out using an uncorrected p value of 
either 0.001 or 0.005 combined with a cluster-size threshold of 
10 voxels (Forman et al., 1995).
In a fi rst random effects group analyses, we calculated sepa-
rately for adults and children the contrast High Presence > Low 
Presence in the dynamic phase of the roller coaster ride, revealing 
strong activations for both groups mainly in the dorsal and ventral 
visual processing stream (at p < 0.001, cluster extent: 10 voxels). 
In addition, we used the following two serial subtraction terms 
thresholded at p < 0.005 (cluster extent: 10 voxels) to uncover age 
group differences in the dynamic phase of the roller coaster ride: 
Adult subjects (High Presence > Low Presence) > Children sub-
jects (High Presence > Low Presence) and vice versa. The serial 
subtraction terms were masked inclusively with the fi rst contrast 
of the serial subtraction term at p < 0.005.
In a second random effects group analyses, we used the indi-
vidual Presence rating differences between the High Presence 
and Low Presence condition as a covariate to identify brain 
regions in the prefrontal cortex (based on our hypotheses) that 
correlated negatively with the Presence rating differences in the 
brain contrast High Presence > Low Presence. This analysis, 
again separately conduced for adults and children, revealed only 
in adult subjects two homologues areas of the DLPFC which 
correlated negatively with the difference in Presence rating (at 
p < 0.001 in the right hemisphere and at p < 0.005 in the left 
hemisphere, cluster extent: 10 voxels).
Psychophysiological interaction analyses (PPI)
To assess task-dependent changes in effective connectivity 
(positive or negative) between bilateral DLPFC and other brain 
regions, we performed Psychophysiological Interaction analy-
ses (PPI) (Friston et al., 1997). Individual mean-corrected time 
series of the left and right DLPFC were extracted from functional 
ROIs based on the correlational analyses described above. Two 
separate analyses, one for the left and one for the right DLPFC, 
were conducted both for adults and children. The PPI was 
defi ned as the element-by-element product (interaction term) 
of the respective DLPFC time series and a vector coding for the 
two main effects High Presence and Low Presence (by subtract-
ing High Presence-Low Presence in the dynamic phase).
For second-level random effects PPI analysis, the single- subject 
contrasts were entered into two three-way ANOVAs conducted 
separately for negative and positive connectivity. The factors in 
these two three-way ANOVAs were as follows: “age group” (adults/
children) and “rating group” (high Presence/low Presence rating 
group) as between-subject factors and “lateralization” (left/right 
DLPFC) as a within-subject factor. Importantly, we only sought 
for negative connectivity with right or left DLPFC in brain 
regions activated in the contrast High Presence > Low Presence 
calculated in adult subjects and thresholded at p < 0.001 with a 
cluster extent of 10 voxels (Figure S1 and Table S2). As shown 
in Figure S1, adults and children demonstrated in this contrast 
a highly similar brain activation pattern. However, the extent of 
activation was slightly increased in adult subjects. Thus, in order 
to search for negative connectivity in the same brain regions 
both in adults and children, we masked the negative connectivity 
analyses with the results of the adult group contrast. Similarly, we 
only searched for positive connectivity in brain regions not acti-
vated in the contrast High Presence > Low Presence calculated in 
adult subjects and thresholded at p < 0.001 with a cluster extent 
of 10 voxels. With regard to the positive connectivity analyses, we 
focused our analyses mainly on medial prefrontal cortex struc-
tures, including anterior cingulate cortex. Please see the ‘Results’ 
section for the reasons of these masking procedures.
Based on the two described PPI ANOVAs, we fi rst calculated, 
separately for adults and children and irrespective of the Presence 
rating, the negative and positive connectivity with both the right 
and left DLPFC at p < 0.005 with a cluster extent of 10 voxels. 
Signifi cant results indicate a stronger negative or positive con-
nectivity in the High Presence condition compared to the Low 
Presence condition. In regions showing such a negative or positive 
connectivity effect either with the right or the left DLPFC, we next 
tested for statistical signifi cant lateralization and age group effects. 
On the basis of a strongly diminished search volume, we report 
differential lateralization and age group results in these regions 
at p < 0.005, p < 0.01 and p < 0.05 (all uncorrected) with a clus-
ter extent of 10 voxels. The conjunctive probability of two such 
events (i.e., a cluster being signifi cant in both of these analyses) 
is for the lowest signifi cance level p < 0.00025 (i.e., 0.005 × 0.05), 
uncorrected for multiple comparisons, and is thus more conserv-
ative than the p < 0.001, uncorrected threshold that is commonly 
used in fMRI studies. Highly similar approaches have been used 
in recent publications (Eisenberger et al., 2007; Harbaugh et al., 
2007; Thielscher and Pessoa, 2007) in order to solve the multiple 
comparison problems in neuroimaging studies. In addition, we 
calculated for all regions showing signifi cant age group effects small 
volume family-wise-error (FWE) corrections based on spherical 
ROIs (5 mm radius) build around the peak of activation.
Finally, we examined, separately for adults and children sub-
jects, whether subjects of the Low Presence rating group compared 
to subjects of the High Presence rating group demonstrated dif-
ferences in negative or positive connectivity with right and left 
DLPFC, at p < 0.005 with a cluster extent of 10 voxels. For those 
regions demonstrating a differential rating group effect, we created 
spherical ROIs of 5 mm radius using the MarsBaR software. Using 
these ROIs and the software package SPSS (Version 13), we con-
ducted repeated-measures ANOVAs and independent t-tests using 
participants’ mean beta weights to further investigate lateralization 
patterns (left/right DLPFC), age group (adults/children) and rating 
group (High Presence/Low Presence rating group) effects.
ANATOMICAL IMAGE ACQUISITION AND ANALYSES
Structural image acquisition consisted of 172 T1-weighted trans-
versal images (matrix size = 256 × 256; voxel size = 0.9375 mm × 
0.9375 mm; slice thickness 1 mm). For anatomical analyses, we 
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used voxel-based morphometry (VBM) to investigate whether 
the two homologues DLPFC brain regions identifi ed in the cor-
relational analyses and used for the PPI analyses as seed regions, 
show, as expected, age group differences in gray matter density 
and gray matter volume. VBM is a whole-brain technique that 
is capable of discovering subtle, regionally specifi c changes in 
gray matter by averaging across subjects. This method is based 
on high-resolution structural three- dimensional magnetic reso-
nance images, registered in standard space, and is designed to 
fi nd signifi cant regional differences throughout the brain by 
applying voxelwise statistics within the context of Gaussian ran-
dom fi elds (Ashburner and Friston, 2000).
The data preprocessing and analysis were performed with 
VBM5 implemented in SPM5 (Wellcome Department of 
Cognitive Neurology, London, UK). Preprocessing of the data 
involved spatial normalization, segmentation, modulation, 
and spatial smoothing with a Gaussian kernel (Ashburner and 
Friston, 2000, 2005). In addition, we also analysed the anatomi-
cal images without the modulation option which involves scal-
ing by the amount of contraction, so that the total amount of 
gray matter in the modulated GM remains the same as it would 
be in the original images. We follow in the paper the commonly 
used terms “volume” for modulated data and “density” (or con-
centration) for unmodulated data, respectively.
RESULTS
PSYCHOMETRICAL RESULTS
The psychometric scores indicated that, as expected, adults and 
children demonstrated an increase in their ratings of presence 
(Figure 1B), arousal, and valence in the High Presence condi-
tion compared with the Low Presence condition (paired t-tests: 
all p < 0.01, Table S1). Importantly, the extent of the difference 
in the presence rating between the High Presence and the Low 
Presence condition was similar in adults and children (independ-
ent t-test: t = 0.56, df = 75, p = 0.574). And, an equal number of 
adults and children reported a difference in their presence rat-
ing of less than 1 (about 40%) or greater than (or equal to) 1 
(about 60%), thus demonstrating a comparable distribution of 
presence ratings in adults and children (Figure 1C). However, 
the difference rating for arousal was enhanced in adults (inde-
pendent t-test: t = 3.588, df = 75, p < 0.01), and the difference 
rating for valence was increased in children (independent t-test: 
t = 3.057, df = 75, p < 0.01).
NEUROIMAGING RESULTS
High Presence > Low Presence
We fi rst analyzed the functional magnetic resonance imaging 
(fMRI) data separately for each age group for the contrast High 
Presence > Low Presence. As discussed in the sections ‘Design: 
Virtual Environment’ and ‘Psychometrical Results’, these two 
conditions labelled High Presence and Low Presence differ 
in many other aspects than Presence, including in particular 
arousal, valence and monocular visual and auditory spatial cues. 
Thus, by contrasting the High Presence with the Low Presence 
condition, we cannot unambiguously infer brain regions spe-
cifi cally involved in presence. Nevertheless, we use the brain 
areas identifi ed to be strongly activated in each particular con-
trast as masks for the following analyses (see below) in order 
to focus specifi cally on brain structures either activated or not 
 activated by the High Presence condition. As expected, con-
trasting the High Presence condition with the Low Presence 
condition revealed both in adults and children widespread 
activation in brain areas known to be involved in egocentric 
spatial processing (dorsal visual stream, including superior 
and inferior parietal lobule and precuneus) (Gron et al., 2000; 
Jordan et al., 2004), object-based visual analyses and recogni-
tion (ventral visual stream, including fusiform gyrus, inferior 
and middle temporal gyrus) (Reddy and Kanwisher, 2006), 
sensory-motor processing (including gyrus postcentralis 
and premotor cortex), acoustic processing (auditory  cortex) 
and emotion processing [including insula (Phillips et al., 
2003); Figures S1A,B; Tables S2 and S3]. Comparing adults 
with children and children with adults in the contrast High 
Presence > Low Presence revealed some small differences in the 
described functional systems (Tables S4 and S5). Overall, the 
above results clearly indicate that both age groups showed a 
highly similar brain activation pattern in the High Presence 
condition of this experimental paradigm.
Correlational analyses of brain activation with Presence rating
To investigate the neural basis of presence, we sought to 
uncover the brain activation pattern correlating with the sub-
jective experience of presence. For this purpose, the difference 
in brain activation between the High and Low Presence condi-
tion was correlated with the difference in the presence  rating 
between the same two presence conditions. Based on our a 
priori hypotheses, we focused our regression analyses on pre-
frontal brain regions, assuming that prefrontal brain regions 
(mainly in the dorsal and lateral part of the prefrontal cortex) 
(Koechlin et al., 2003) control the visual and auditory input of 
the realistic roller coaster ride and are thus involved in dimin-
ishing the presence experience. For the adults we found that the 
hemodynamic responses in two homologous prefrontal brain 
regions were negatively correlated with the subjective presence 
rating, namely the right and left dorsolateral prefrontal cortex 
(right DLPFC: r = −0.467, p < 0.001; left DLPFC: r = −0.408, 
p = 0.003; Figure 2A). The scatter plots and bar plots of 
Figures 2B,C show that the High Presence condition yielded 
a greater blood-oxygenation-level-dependent (BOLD) incre-
ment in the bilateral DLPFC in adults who reported a smaller 
amount of presence elevation.
In children, however, no negative correlation with any pre-
frontal brain region reached signifi cance, even at a lowered 
threshold of p < 0.05 (uncorrected). In order to examine whether 
children at least showed some tendencies for correlation in the 
DLPFC, we specifi ed functional regions of interests (ROIs) in 
the bilateral DLPFC in children on the basis of the adult group 
analyses. These analyses revealed in children that the right but 
not left DLPFC showed a slight (but insignifi cant) negative cor-
relation with the subjective experience of presence (Figure S2).
Finally, increased arousal and more positive valence ratings 
accompanying the High Presence condition in both groups 
(see above) cannot explain the presented correlational fi ndings 
because regression analyses, with arousal and valence as a cov-
ariate, did not change in adults or children the observed cor-
relational pattern between bilateral DLPFC and the subjective 
presence experience (Table S6).
Voxel-based morphometry analyses
The next step involved the use of voxel-based morphometry 
(VMB5) to examine whether the bilateral DLPFC activation 
observed in the correlational analyses showed structural differ-
ences between adults and children. Based on  neuroanatomical 
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studies, it is known that the frontal cortex and the DLPFC in 
particular undergoes the longest period of time to mature, 
implying that the tissue itself continues to develop towards 
adult status well into adolescence (Giedd, 2004; Giedd et al., 
1999; Gogtay et al., 2004; for a review see, Toga et al., 2006). In 
fact, we found in line with these studies that grey matter density 
and grey matter volume measures are increased in the bilateral 
DLPFC in children compared with adults, indicating that these 
prefrontal brain structures are not yet fully developed in chil-
dren (Figure S3).
Psychophysiological Interaction analyses (PPI)
The bilateral DLPFC is strongly connected with many other 
regions of the brain (Amodio and Frith, 2006; Carmichael and 
Price, 1996; Croxson et al., 2005). We next focussed on this 
and whether we would fi nd differences in effective connectiv-
ity between adults and children as well as between subjects 
experiencing strong and weak presence differences between the 
High and Low Presence conditions. For this purpose, we used 
Psychophysiological Interaction analyses (PPI) (Friston et al., 
1997) to examine the task-dependent changes in effective con-
nectivity between one brain area (in our case the right or left 
DLPFC) and other brain regions. In the context of this experi-
ment, we are only interested in positive or negative connectivity 
of the left or right DLPFC with other regions of the brain, if 
and only if this connectivity is signifi cantly stronger in the High 
Presence than in the Low Presence condition. Note that the word 
“down-regulation” will be synonymously used for negative con-
nectivity, while the word “up-regulation” will be used for posi-
tive connectivity.
In our PPI analyses, we sought to answer two main questions. 
First, we were interested in whether DLPFC down-regulates acti-
vations in posterior brain regions found to be strongly activated 
in the High Presence compared with the Low Presence condition 
Figure 2 | Negative correlation of bilateral DLPFC with Presence experience in adults. (A) Depicted on the brain images are the bilateral DLPFC (right: 
x = 48, y = 21, z = 39; BA = 9; left: x = −54, y = 15, z = 36, BA = 9), which negatively correlated with the presence rating in adult subjects, indicating that 
the High Presence condition yielded a greater activation increase in the bilateral DLPFC in adult subjects who reported a smaller amount of Presence elevation 
between the High and Low Presence condition. (B) These negative correlations of DLPFC and presence ratings are depicted on the two scatter plots using 
functional ROIs. (C) In order to examine whether DLPFC activation differences in the High Presence (as expected), Low Presence or in both conditions con-
tributed to the negative correlational pattern, we extracted contrast estimates difference in the bilateral DLPFC for the contrasts Low P > Fix, High P > Fix and 
High P > Low P (High P = High Presence, Low P = Low Presence and Fix = Fixation Baseline). Based on these contrast estimates, we created bar plots, broken 
down for adult subjects with difference in Presence rating < or ≥1, referred to as low and high Presence rating group, respectively. These bar plots illustrated 
that there is no difference in DLPFC activation between the two rating groups during the Low Presence condition (independent t-tests for right DLPFC: t = 0.26, 
df = 50, p = 0.793 and left DLPFC: t = 0.02, df = 50, p = 0.977). In contrast, during the High Presence condition, the low Presence rating group showed an 
increase, while the high Presence rating group showed no change (left DLPFC) or even a decrease in DLPFC (right DLPFC) activation, resulting in a signifi cant 
group difference in the High Presence condition (independent t-tests for right DLPFC (one-tailed): t = 1.87, df = 50, p = 0.033 and left DLPFC: t = 2.54, df = 50, 
p = 0.014). The rating groups signifi cantly differed therefore in the contrast High P > Low P for the right (independent t-test: t = 2.32, df = 50, p = 0.024) and 
the left DLPFC (independent t-test: t = 2.80, df = 50, p = 0.007).
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(depicted in Figure S1 and Tables S2 and S3). We investigated 
this connectivity because strong direct anatomical connec-
tions between DLPFC and posterior and in particular parietal 
regions have been demonstrated both in the macaque as well as 
human brain (Croxson et al., 2005). Second, we sought to deter-
mine whether DLPFC up-regulates and thus recruits additional 
brain regions which were not activated in the contrast High 
Presence > Low Presence. In particular, we focused our analy-
ses on the medial prefrontal cortex because lateral prefrontal 
brain regions have been shown to have strong anatomical con-
nections with the medial prefrontal cortex (Amodio and Frith, 
2006; Carmichael and Price, 1996), and because medial prefron-
tal cortex structures are functionally known to be involved in 
attention modulation, confl ict monitoring and cognitive control 
(Botvinick et al., 1999; Carter et al., 1998; Ridderinkhof et al., 
2004) as well as self-referential refl ective activity (Amodio and 
Frith, 2006; D’Argembeau et al., 2005; Gusnard et al., 2001, for 
a review) We suggest that these processes might be involved in 
reducing the presence experience either in the context of criti-
cally evaluating the displayed virtual reality world or by direct-
ing attention away from the external virtual reality to internal 
self-refl ective mental processes.
PPI analyses, irrespective of the Presence rating,
in adults and children
In a fi rst analysis, we attempted to answer the following ques-
tions: Do all adults use bilateral DLPFC to control and regulate 
their presence experience, irrespective of their presence rating? 
Moreover, are there lateralization differences between the left 
DLPFC and right DLPFC? We found that adults, irrespective 
of their presence rating, do indeed recruit bilateral DLPFC to 
modulate their presence experience. Moreover, there are strong 
lateralization differences. Whereas the right DLPFC mainly 
down-regulated the activation in the dorsal visual processing 
stream and in sensory-motor areas (Figures 3A,B and Table S7), 
the left DLPFC mainly up-regulated widespread areas of the 
medial prefrontal cortex, including anterior cingulate cortex 
(ACC, BA 24, 32, 25) and middle and superior frontal gyrus (BA 
10, 11). In addition, the left DLPFC showed positive connectiv-
ity with subcortical areas [including brainstem and mediodor-
sal thalamus which has prominent anatomical interconnections 
with the DLPFC (Giguere and Goldman-Rakic, 1988)] as well 
as areas of the primary and extrastriate visual system that were 
not activated in the contrast High Presence > Low Presence 
(Figures 3C,D and Table S7). Thus, the data suggest that in adult 
Figure 3 | Negative connectivity with right and positive connectivity with left DLPFC in adults. (A) Negative connectivity (blue colour) with right DLPFC 
in the dorsal visual stream (including superior and inferior parietal gyrus as well as superior occipital gyrus) and sensory-motor areas in adult subjects (at 
p < 0.005, cluster extent: 10 voxels; SPG, superior parietal gyrus; IPG, inferior parietal gyrus; MOG, middle occipital gyrus; SOG, superior occipital gyrus). 
(B) Signifi cant differences in negative connectivity between right DLPFC and left DLPFC in areas depicted in (A), at p < 0.005 (yellow), p < 0.01 (violet) and 
p < 0.05 (green, all with a cluster extent of 10 voxels). Most areas, except for the ones in blue colour, depict a clear right-sided lateralization pattern in negative 
connectivity. (C) Positive connectivity (red colour) with left DLPFC in medial PFC (including ACC), extrastriate visual cortex and subcortical areas (including dorso-
medial Thalamus and Brainstem) in adult subjects (at p < 0.005, cluster extent: 10 voxels; MPFC, medial prefrontal cortex; Bst, Brainstem; Tha, Thalamus; Cau, 
Caudatus; PHiG, Parahippocampal Gyrus). (D) Signifi cant differences in positive connectivity between left DLPFC and right DLPFC in areas depicted in (C), at 
p < 0.005 (yellow), p < 0.01 (violet) and p < 0.05 (green, all with a cluster extent of 10 voxels, areas in red colour illustrate no signifi cant difference). All areas, 
except for a few voxels in the medial PFC in red colour, depict a clear left-sided lateralization pattern in positive connectivity in adult subjects.
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subjects, the presence experience is mainly regulated and con-
trolled by down-regulating the immersive visual-spatial input in 
posterior brain regions as well as by up-regulating medial areas 
of the PFC.
In the subsequent PPI analysis, we examined whether children 
demonstrated a connectivity pattern similar to that of adults, 
both irrespective of the presence rating and despite the fact 
that they showed comparatively smaller and a non- signifi cant 
negative correlation with bilateral DLPFC and the presence 
rating (as has been shown above, see Figure S2). Interestingly, 
we found that children demonstrated a positive connectivity 
with their right DLPFC mainly in subcortical and emotional 
brain regions (including bilateral hippocampus/amygdala and 
insula) (Baumgartner et al., 2006a; Phillips et al., 2003), mul-
tisensory integration areas (temporo-parietal junction, BA 39, 
40, 22) (Beauchamp et al., 2004; Downar et al., 2000), areas of 
the ventral visual stream (including fusiform gyrus and middle 
temporal gyrus, BA 37, 21) as well as two small clusters in the 
prefrontal cortex of which one was located in the medial PFC 
(Figures 4A,B and Table S8). Notably and in stark contrast to 
adult subjects, no negative connectivity with the right DLPFC 
and no positive connectivity with the left DLPFC were observed 
in the children, indicating a highly differential orchestration of 
the presence experience in adults and children in terms of later-
alization pattern and connected brain regions.
The preceding analyses were conducted separately for chil-
dren and adults and no direct statistical inference can be drawn 
from these analyses regarding group differences between adults 
and children. In order to elucidate the statistical age group differ-
ences in negative or positive connectivity, we thus directly com-
pared the PPI results in adults with the PPI results in children 
and vice versa. Overall, these analyses confi rmed most of the 
above reported descriptive differences between adults and chil-
dren. Compared with children’s connectivity with both the right 
and left DLPFC, we indeed found in adults, and  irrespective of 
the presence rating, signifi cantly stronger negative connectivity 
with their right DLPFC in many areas of the dorsal visual stream 
(including precuneus, inferior and superior parietal gyrus) and 
signifi cantly stronger positive connectivity with their left DLPFC 
in the medial PFC [including ACC; Figure S4; all brain areas 
survive small volume (5 mm sphere) family-wise-error correc-
tion, see Table S9]. On the other hand, as compared with adult’s 
connectivity with both their right and left DLPFC, the children 
demonstrated signifi cantly stronger positive connectivity with 
their right DLPFC in the described subcortical and emotional 
brain areas, multisensory integration areas and areas of the ven-
tral visual stream (Figure S5), again irrespective of the presence 
rating. Taken together, these statistical analyses confi rmed, as 
hypothesized, that there are indeed age-group related differences 
in the orchestration of the experience of presence and that these 
differences are associated with those prefrontal brain structures 
that are very late to reach full maturity.
PPI analyses of the two presence rating groups in adult and 
children subjects: Low Presence rating group > High Presence 
rating group
So far, the analyses of the connectivity pattern of adults and chil-
dren were performed irrespective of the presence rating, and the 
results suggest that all adults and children rather automatically 
engage prefrontal cortex structures to regulate and control the 
immersive experience of virtual reality. However, the correla-
tional analyses revealed (mainly in adult subjects) that the bilat-
eral DLPFC is more strongly activated in subjects who reported 
a reduced experience of presence. Thus, one would expect that 
this subgroup of subjects down-regulates or recruits additional 
brain structures to control the immersive visual and auditory 
spatial input. Compared with adult subjects of the High Presence 
rating group, we indeed found that the adult subjects of the Low 
Presence rating group down-regulated additional areas of the 
dorsal visual stream (including precuneus, superior and inferior 
Figure 4 | Positive connectivity with right DLPFC in children. (A) Positive connectivity (red colour) with right DLPFC mainly in subcortical and emotional areas 
(including amygdala/hippocampus and insula) as well as multisensory integration areas (posterior STG), areas of the ventral visual processing stream (including 
Fusiform Gyrus) and small clusters in prefrontal areas (inferior and medial PFC) in children subjects (at p < 0.005, cluster extent: 10 voxels; Amy, amygdala; Hip, 
hippocampus; ITG/MTG,STG, inferior/middle/superior temporal gyrus; Put, putamen; IFG, inferior frontal gyrus; MPFC, medial prefrontal cortex). (B) Signifi cant 
differences in positive connectivity between right DLPFC and left DLPFC in areas depicted in (A), at p < 0.005 (yellow), p < 0.01 (violet) and p < 0.05 (green, all 
with a cluster extent of 10 voxels). In children subjects, all areas depict a clear right-sided lateralization pattern in positive connectivity.
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parietal gyrus) with their right DLPFC and the posterior and 
ventral thalamus (pulvinar and sensory relay nuclei) with their 
bilateral DLPFC (Figures 5A,B and Table S10). In contrast, chil-
dren of the Low Presence rating group showed no similar negative 
connectivity pattern (Figure 5C and for detailed statistical analy-
ses Table S12), indicating that children of the Low Presence rating 
group use other strategies to control their presence experience. 
Indeed, we found that only children in the Low Presence rating 
group used their left DLPFC to down-regulate activation in the 
auditory cortex (BA 41/42) and temporal pole regions (Figure S6 
and Table S11 and for detailed statistical analyses Table S12). 
Interestingly, we did not fi nd in the adults or  children of the Low 
Presence rating group any additional recruitment of medial pre-
frontal or any other brain regions with their right or left DLPFC.
Taken together, these analyses suggest that adults and chil-
dren of the Low Presence rating group use completely different 
strategies to regulate and control their presence experience. In 
the adults of the Low Presence rating group, suppression of pres-
ence experience involved the additional down-regulation of 
activation in the egocentric dorsal visual processing stream and 
in regions of the thalamus that relay sensory signals  (visual and 
auditory) to the cerebral cortex (occipital, parietal and tempo-
ral) and play a role in gating and modulating attention toward 
or away from visual and auditory stimuli (Kastner et al., 2004; 
Figure 5 | Negative connectivity differences in adults: Low Presence rating group > High Presence rating group. (A) Whereas all adults, irrespective of 
their presence rating, used their right DLPFC to down-regulate activation in the dorsal visual stream and sensory-motor areas (depicted in dark blue colour, the 
same activation as in Figure 3A), subjects of the low Presence rating group used their right DLPFC to down-regulate additional areas of this dorsal visual system 
(including bilateral precuneus, inferior and superior parietal gyrus) as well as the posterior thalamus (depicted in light blue colour; p < 0.005, cluster extent: 10 
voxels; PreCu, Precuneus; IPG, inferior parietal gyrus; SPG, superior parietal gyrus; PCC, posterior cingulate cortex; Tha, Thalamus). Areas in violet colour are 
down-regulated by all adult subjects, but subjects of the low Presence rating group showed an even stronger down-regulation in this part of the inferior and 
superior parietal cortex. For those regions showing a differential group effect depicted in (A), we also created regions of interests and extracted Beta estimates. 
Bar plots based on these Beta estimates are depicted for (B) adults and (C) children, broken down for the low (Difference in Presence rating < 1) and high 
(Difference in Presence rating ≥ 1) Presence rating groups. Positive values indicate negative connectivity, whereas negative values indicate positive connectivity. 
Asterisk indicate signifi cant increase in negative or positive connectivity at p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.005 (***), or p ≤ 0.001 (****). The bar plots in 
(B) illustrate that, except for the thalamus, an unilateral, right-sided and negative connectivity pattern has been observed in adult subjects of the low Presence 
rating group. In contrast, children of the low Presence rating group did not show this negative connectivity pattern in any brain region of the dorsal visual stream, 
either with the right or left DLPFC [depicted in (C), see Table S12 for detailed statistical analyses].
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Kastner and Pinsk, 2004). In contrast, the children of the Low 
Presence rating group suppressed their presence experience by 
down-regulating the processing of the spatial auditory cues 
(delivered by the virtual reality software) in the auditory sys-
tem and by down-regulating temporal pole regions known to be 
involved in emotion processing (Phillips et al., 2003).
DISCUSSION
The purpose of this investigation was to shed light on the 
potential impact of prefrontal brain structures and associ-
ated maturational changes on the experience of presence in an 
immersive VE. In view of the signifi cant changes in the frontal 
cortex during the course of development to adulthood and of 
the role played by this brain area in exerting regulatory control 
over emotion and behaviour, we proposed that maturational 
differences in the PFC may be closely associated with differ-
ences between adults and children in orchestrating the experi-
ence of presence.
In fact, we found that prefrontal areas are strongly involved 
in modulating the experience of presence. But this applied 
only for adults, there being no such recruitment of these areas 
in children. The reason for this non-recruitment might lie in 
the relatively late maturation of the prefrontal cortex in chil-
dren, a suggestion supported by our own anatomical data. We 
showed that two particular prefrontal cortical structures are not 
yet fully developed in children, as indicated by increased grey 
matter density and volume. Finally and most interesting, using 
Psychophysiological Interaction analyses (PPI), we demon-
strated large differences in effective connectivity of these pre-
frontal brain structures between adults and children.
These effective connectivity analyses revealed in all adult 
subjects, and irrespective of presence rating, the specifi c recruit-
ment of the right DLPFC to down-regulate the activation in the 
dorsal visual processing stream. Given the specifi c role played by 
the dorsal stream in egocentric processing of the visual environ-
ment, it is conceivable that the right DLPFC of adults is recruited 
as part of a strategy for regulating presence experience by con-
straining the egocentric processing of the roller coaster stimulus 
display. The pattern of effective connectivity in children stands 
in contrast to that of the adults. In children, the right DLPFC 
is involved in up-regulating activation in subcortical and emo-
tional brain regions (including hippocampus, amygdala and 
insula), multi-sensory integration areas (temporo-parietal 
junction), and areas of the ventral visual processing stream. In 
processing ongoing VE stimuli, this possibly refl ects a distinctly 
different strategy to that of adults, given the fact that most of 
the modulated brain regions, including in particular the bilat-
eral hippocampus and the areas of the ventral visual stream, 
are part of a neurofunctional network involved in allocentric, 
object-based spatial processing, which is independent of the 
observer’s spatial location (Jordan et al., 2004; Nadel and Hardt, 
2004; Zaehle et al., 2007). We propose that the up-regulation 
of an allocentric spatial reference frame interferes with the 
experience of presence under stimulus conditions specifi cally 
designed to facilitate presence by inducing egocentric process-
ing of displayed spatial information. In contrast to the adults´ 
direct strategy, up- regulation of allocentric spatial processing 
by children may refl ect an indirect approach in modulating the 
experience of presence. We speculate that this indirect approach 
is most likely less effi cient than the direct approach applied by 
adults. This speculation is supported by the fi nding that the 
indirect strategy involves in addition to the up-regulation of 
the allocentric spatial reference frame a concurrent activation 
of areas associated with affective processing, including bilateral 
amygdala and insula. The activation of these areas during arous-
ing VE experience strongly suggests that the children are more 
susceptible to the arousing impact of the visual and auditory 
spatial stimuli and are thus less able to regulate and control the 
experience of presence during arousing VE.
In addition to the regulation of the egocentric spatial process-
ing in posterior brain regions, all adult subjects, irrespective of 
their subjective presence experience, used an additional regu-
lation strategy. Their left DLPFC recruited widespread areas of 
the medial PFC (including ACC) that are together known to be 
functionally involved in attention modulation, confl ict moni-
toring, cognitive control (Botvinick et al., 1999; Carter et al., 
1998; Ridderinkhof et al., 2004) and self-referential refl ective 
activity (Amodio and Frith, 2006; D’Argembeau et al., 2005; 
Gusnard et al., 2001, for a review). Moreover, these brain regions 
of the medial prefrontal cortex are known to be part of a “default 
mode of brain function” whose activity is ongoing during rest 
and suspended during performance of externally cued tasks 
(Greicius et al., 2003, 2008; Gusnard et al., 2001; Rilling et al., 
2007). Taken together, this recruitment of medial prefrontal 
regions might indicate that adults are strongly using internal 
self-refl ective control processes while they are exposed to VE 
stimuli. Or in other words, adults appear to control and regulate 
their presence experience by critically evaluating and monitor-
ing the presented VE stimuli, and/or by directing attention away 
from the external virtual reality to internal self-refl ective mental 
processes. Children on the other hand did not, or at least to a 
greatly reduced extent, apply these “strategies”. Thus, children 
do not rely on this control process of the medial PFC – most 
likely because of the not fully matured prefrontal cortex (Giedd, 
2004; Giedd et al., 1999; Gogtay et al., 2004). This is also con-
sistent with many studies demonstrating delayed maturation of 
several executive functions in children (Romine and Reynolds, 
2005; Segalowitz and Davies, 2004).
Taken together, this is the fi rst study to indicate that adults 
use two major strategies to modulate the experience of presence 
and to show that these strategies are completely absent in chil-
dren. These strategies are the down-regulation of the egocentric 
visual processing in posterior parietal brain regions using the right 
DLPFC and the up-regulation of medial PFC structures using the 
left DLPFC. This leads inevitably to the question which of these 
two strategies is the more important for regulating the experi-
ence of presence. The evidence from our own study indicates 
that the control of the egocentric view with the right DLPFC 
might be more critical. This is indicated by the fact that the adult 
subjects who experienced weak presence (the Low Presence rat-
ing group) compared with those experiencing strong presence 
(the High Presence rating group) showed an additional down-
 regulation associated with the right DLPFC in brain regions 
coding for this egocentric view. Notably, no additional recruit-
ment of medial PFC or any other brain regions with the right 
or the left DLPFC were observed. The complete absence of any 
additional recruitment of medial PFC structures may be taken 
as to suggest that the down-regulation of the egocentric dor-
sal visual processing stream with the right DLPFC is the more 
important and effi cient strategy in controlling and regulating 
the presence experience. In line with this interpretation, both 
“out-of body” phenomena and the “rubber-hand illusions” also 
point to posterior parietal brain regions as well as multi-sensory 
premotor regions as  playing an important role in modulating 
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illusory body  phenomena (Blanke, 2004; Blanke et al., 2004; 
Ehrsson, 2007; Ehrsson et al., 2004, 2007; Lenggenhager et al., 
2007). It is noteworthy that the right DLPFC was also found in 
our study to control the activation in the bilateral multi-sensory 
premotor cortex and as a consequence, to modulate the presence 
experience.
In summary, this study is the fi rst to (1) reveal the involve-
ment of the right and to a lesser extent of the left DLPFC as highly 
specifi c neural correlates for the orchestration of the presence 
experience in adults, and to (2) demonstrate the striking absence 
of these adult-like mechanisms in children. These fi ndings high-
light the relative susceptibility of children to the experience of 
presence in simulated environments and may have important 
consequences for pedagogical and educational interventions. 
One consequence might be that one should be more reluctant 
to expose children to emotional virtual stimuli as currently 
practiced.
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